Campylobacter jejuni is the major cause of human gastroenteritis worldwide. Under stress conditions, C. jejuni can enter a viable but non-culturable (VBNC) state. We found that the C. jejuni was able to enter a VBNC state by prolonged incubation at 4C. The standard isolation methods using pre-enrichment steps in Bolton broth or Preston broth could not detect the VBNC cells in spiked chicken meat. The transcription levels of virulence-associated genes (flaA, flaB, cadF, ciaB, cdtA, cdtB and cdtC) were expressed in VBNC cells but in low levels. The VBNC cells retained the ability to invade Caco-2 human intestinal epithelial cells in vitro. In most cases, VBNC cells failed to resuscitate in Caco-2 cells, but in some experiments, they formed colonies after co-incubation with host cells. Collectively, C. jejuni enters into a VBNC state at 4C and the VBNC C. jejuni remains virulent which may possibly lead to disease in humans. C. jejuni in VBNC state is a potential concern for food safety.
cannot be detected by conventional culture-based methods due to the loss of culturability on the media that normally support their growth, but remain viable and express various degrees of metabolic activities [12, 16, 37] . The VBNC could be set as the lost of culturability but the membrane integrity retained. In this state, culture-based enumeration of bacterial survival has significant limitations. Therefore, the bacteria at VBNC state are considered as a potential public health threat.
The VBNC phenomenon of C. jejuni was first described by Rollins and Colwell [45] . They found non-culturable Campylobacter cells after starvation (i.e. microcosm water) at 37°C. C. jejuni has been described to enter into the VBNC state in adverse environments such as pH stress, and combination of starvation and low temperature [4, 11, 14, 25, 32, 45] . However, it was uncertain whether VBNC C. jejuni retains virulency and become culturable in human cells.
The aims of this study were to examine whether VBNC C. jejuni could be detected by standard Campylobacter spp. isolation method. We also investigated the virulence of VBNC C. jejuni by analyzing the transcription levels of the virulence-associated genes and tested the ability of the VBNC cells to invade the human epithelial cells in vitro.
MATERIALS AND METHODS
Bacterial strain and culture preparation: Campylobacter jejuni CG8486 (serotype HS:4 CPS complex), a clinical isolate from a patient with inflammatory diarrhea in Thailand, was used in this experiment [42] . A loop of C. jejuni from a -80°C stock was streaked on modified Charcoal Cefoperazone Deoxycholate Agar (mCCDA) (Oxoid, Hampshire, UK) at 42°C for 48 hr under microaerobic conditions by using a gas generating system (AnaeroPack-MicroAero, Mitsubishi Gas Chemical, Tokyo, Japan) that produced 5% O 2 , 10% CO 2 and 85% N 2 in an anaerobic jar (Mitsubishi Gas Chemical). Well-isolated colonies were chosen and inoculated into 20 ml of Bolton broth (Oxoid) in 50 ml screw-cap tubes and incubated at 42°C under microaerobic conditions for 48 hr.
Induction of VBNC in C. jejuni: According to the previous study by Hazeleger [21] describing that Campylobacetr spp. entered VBNC state faster in nutrient-rich condition than in nutrient-deficient one when incubated at 4°C, we induced VBNC in C. jejuni by cold temperature incubation with nutrient-rich conditions in this study. To avoid the contamination of other bacteria during the long time incubation, we used Campylobacter selective nutrient media. One ml of bacterial culture was transferred into 15 ml tubes containing 12 ml of Bolton broth. A set of tubes were incubated at 4°C under microaerobic conditions. The enumeration of culturable, viable, and total cells was performed daily. For enumerating the culturable cells, the bacterial culture was centrifuged and the pellet was resuspended in 1 ml of sterile water. Then, a 0.1 ml aliquot and its 10-fold serial dilution series were spread on duplicate mCCDA plates and incubated at 42°C for 48 hr under microaerobic conditions. Colonies were then counted to calculate CFU/ml. Bacterial viability was determined by using the LIVE/DEAD BacLight assay (Invitrogen, Carlsbad, CA). The percentage of viable cells was calculated from an evaluation of 1,000 cells. Total cells were determined by using a disposable plastic haemocytometer counting chamber (one-CellCounter, Erma Optical Works, Tokyo, Japan). In this study, we defined VBNC state as bacterial cells form no colonies on mCCDA yet the viability assessed by Baclight staining were greater than 60%. The VBNC cells incubated at 4°C for more than 38 days were used.
Detection VBNC Campylobacter in spiked chicken meat by standard isolation method: A piece of chicken was purchased from local supermarkets and aseptically divided into 25 g portions. For spiked experiments, the chicken meat was inoculated with stationary phase C. jejuni or VBNC C. jejuni which was induced by cold stress for more than 38 days. The chicken meat without bacterial inoculation was served as a control. Each 25 g of chicken meat was transferred into a stomacher filter bag, and 225 ml of Bolton broth, or 225 ml of Preston broth (Oxoid nutrient broth No. 2, supplement SR0117, and Campylobacter growth supplement SR 0232, with 5% lysed horse blood) was added. The chicken meat was homogenized for 1 min using a stomacher (AES CHEMUNEX, Cranbury, NJ). The mixture was incubated under microaerobic condition at 42°C for 48 hr. A 0.1 ml of the mixture and its 10-fold serial dilution were spread on mCCDA, then incubated at 42°C, microaerobic conditions for 48 hr before CFU were enumerated.
Real-time RT-PCR: Total RNA was extracted from the bacterial cells by a RiboPure-Bacteria kit (Ambion, Austin, TX) according to the manufacturer's instruction. The real time RT-PCR was performed using the One Step SYBR Pri-meScript RT-PCR Kit (Takara, Shiga, Japan). The reactions were performed using a LightCycler 480 real-time PCR system (Roche Diagnostics, Rotkreuz, Switzerland). The primers were designed using DNASIS Pro Sequence analysis software (Hitachi Software Engineering, Tokyo, Japan) ( Table 1 ). The expression level of virulence-associated genes (flaA, flaB, ciaB, cadF, cdtA, cdtB and cdtC) was calculated relatively against a calibration sample (C. jejuni at stationary phase), and an internal control gene (rpoA) was used to normalize the sample input amount, since rpoA gene has constant transcript levels under various stress conditions [43] .
Immunostaining for invasive bacteria: The human colonic epithelial cell line Caco-2 was obtained from Riken Cell Bank (Tsukuba, Japan). Cells seeded onto a 12 mmdiameter round coverslips in 24 well culture plates at 1.0 × 10 5 cells/well were incubated with C. jejuni for 5 hr at 37°C to allow maximal bacterial invasion [46] . VBNC C. jejuni cells were prepared as described above by incubation at 4°C for more than 38 days. After washing the coverslips with PBS, and the cells were fixed with 3.7% paraformaldehyde for 15 min. The extracellular bacteria were labeled by incubating with biotin-conjugated rabbit anti-C. jejuni polyclonal antibody (Abcam, Cambridge, UK) for 1 hr. The coverslips were washed and incubated with streptavidin conjugated Alexa Fluor 555 (Invitrogen). The cells were then permeabilized by 0.1% Triton X-100 in PBS, and were reincubated with biotin-conjugated rabbit polyclonal anti-C. jejuni to stain both intracellular and extracellular bacteria followed by streptavidin conjugated Alexa Fluor 488. By this differential staining, the extracellular bacteria showed reddish orange color as a result of double staining when the fluorescence images were merged, while intracellular bacteria showed green fluorescence. The coverslips were rinsed with water and mounted onto microscopic glass slides with Prolong Gold antifade reagent containing DAPI nuclei stain (Invitrogen). Assay for intracellular culturable bacteria: The number of intracellular bacteria was determined by a gentamicin killing assay [19] . Caco-2 cells were infected with C. jejuni as described above. Non-adherent bacteria were removed by washing the cells with PBS three times. The extracellular bacteria were killed by the use of gentamicin (100 μg/ml) for 2 hr at 37°C. The bactericidal concentration required for complete killing was determined before the experiments. After washing, the medium was replaced with MEM with 10% FBS. The Caco-2 cells were lysed by 0.1% Triton X-100 in PBS at 24 hr and 48 hr post inoculation. Enumeration of intracellular culturable bacteria was performed on mCCDA agar.
RESULTS
VBNC induction of C. jejuni at 4°C: The culturability, viability, and total cell count of C. jejuni at 4°C were routinely determined to assess whether the bacteria entered into VBNC state. As shown in Fig. 1 , the number of CFU was decreased day by day. No colonies were detected at day 38, whereas the total cell counts were maintained substantially constant throughout the incubation period. The viability of C. jejuni was 79.14% at day 38, indicating that C. jejuni entered the VBNC state after prolonged incubation at 4°C. In addition, morphological appearance was observed that the of VBNC cells from spiral form to coccoid form as described in previous studies (data not shown) [21] .
VBNC C. jejuni detection in food by standard isolation method: We examined whether the VBNC Campylobacter cells in food could be detected by a standard isolation method in spiked experiments. The chicken meat was contaminated with VBNC cells or stationary cells, and then standard isolation methods using two different enrichment procedures were performed. The VBNC C. jejuni was induced by exposure to cold stress for 45 days (the viability was 72%). Since the VBNC cells do no form colonies, to adjust the size of inoculum between stationary and VBNC cells, viable cells were calculated from the number of total cells and the percentage of viable cells as described in Materials and Methods. Same number of viable cells were inoculated in food, then determined the number of CFU by plating on mCCDA after enrichment process. No Campylobacter was detected from unspiked chicken meat (data not shown). Increased number of bacteria was detected from stationary C. jejuni-spiked meat by both Bolton and Preston enrichment methods (Table 2) . On the other hand, no Campylobacter cells were recovered from meat that inoculated with VBNC cells. These results indicated that neither the use of Bolton nor Preston enrichment step could resuscitate VBNC cells to culturable ones. 
Transcriptions of virulence-associated genes in VBNC C. jejuni:
To check whether the VBNC cells retain the virulence, we investigated the transcription of virulence-associated genes (flaA, flaB, cdtA, cdtB, cdtC, cadF and ciaB) by RT real-time PCR. These virulence genes were expressed in VBNC state of C. jejuni cells exposed cold stress for 38 days (Fig 2A) . The relative expression ratio comparing with stationary phase in flaA, flaB, cdtA, cdtB, cdtC, cadF and ciaB were 0.31, 0.49, 0.22, 0.61, 0.49, 0.14, and 0.21 times, respectively, indicating that expression of all tested virulence genes were down-regulated, but maintained in VBNC cells.
Invasion of VBNC C. jejuni in human epithelial cells: Above results suggest that the virulence of C. jejuni may be attenuated in VBNC state. Although C. jejuni is considered to be primarily an extracellular pathogen, its abilities to adhere, invade in intestinal epithelial cells is also believed to be part of its pathogenesis. A number of studies in vivo have established that C. jejuni is a facultatively intracellular bacterium [17, 28, 46, 50] . The virulence genes tested above were considered to be important for adhesion and invasion to host intestinal tract. Thus, we examine invasion ability of VBNC bacteria in host cells. Caco-2 cells were infected with either stationary C. jejuni or VBNC ones for 2 hr, since [46] showed that maximal invasion of C. jejuni was maintained between 1 and 2.5 hr post inoculation in this cell line. The invasive bacteria were visualized by the immunofluorescence assay as described in Materials and Methods. As shown in Fig. 2B , the intracellular spiral form bacteria were observed in host cells that infected with stationary C. jejuni (left panel). The intracellular bacteria were also detected in VBNC-infected Caco-2 cells (Fig. 2B, right panel) . The morphology of VBNC C. jejuni in host cells was coccoid shape and different from that of stationary bacteria.
These results raised a question that intracellular VBNC C. jejuni was resuscitated to become culturable in host cells. To examine this possibility, the gentamycin killing assay was performed to determine the number of culturable bacterial cells in the Caco-2 cells. Bacterial colonies were detected from stationary inoculation as described in many studies. For example, when Caco-2 cells were inoculated with 3.0 × 10 7 CFU/well stationary C. jejuni, the number of intracellular bacteria was 1.2 × 10 5 CFU/well at 24 hr and increased at 48 hr such as 2.1 × 10 7 CFU/well (data not shown). We repeated the assay 10 times, no colonies were detected at 24 hr in VBNC C. jejuni. In most cases, culturable bacteria were not observed during 72 hr incubation in VBNC cell inoculation. However, in two experiments, colonies were detected on agar plates from Caco-2 lysate that inoculated with VBNC bacteria (data not shown). VBNC bacteria was inoculated into Caco-2 culture with initial inoculum of 1.1 × 10 7 , or 1.5 × 10 8 viable cells/well. After 48 hr post inoculation, 5.0 CFU/well or 105 CFU/well were detected from infected Caco-2 cells, respectively. The recovered number of bacteria was quite lower than stationary bacteria.
DISCUSSION
In this study, we examined the effect of refrigeration temperature on C. jejuni culturability under nutrient-rich and microaerobic conditions. After 38 days incubation, the Campylobacter cells were difficult to recover on agar plates, yet approximately 70% of the cells stained as viable by BacLight analysis. These results show that exposure to low temperature induced the VBNC state in C. jejuni in spite of sufficient nutrient availability. This suggests that cold stress by itself can induce the VBNC state in C. jejuni. Virulence gene expression in VBNC C. jejuni has not been definitively clarified. To elucidate the potential virulence of VBNC cells, we demonstrated the transcription of virulence genes including cadF, ciaB, flaA, flaB, cdtA, cdtB and cdtC. These virulence genes are significantly involved in disease pathogenesis. The outer membrane protein, CadF, mediates the binding of C. jejuni to fibronectin of host cells [39] . CiaB, the Campylobacter invasion antigen B, is similar to type III secretion proteins and it is required for invasion [30] . The study by Wassenaar et al. [52] showed that flagella play a role in bacterial internalization most likely due to the need for flagellin (FlaA/FlaB). The cytolethal distending toxin (CdtA, CdtB and CdtC) causes eukaryotic cells to arrest in the G 2 /M phase of the cell cycle, leading to cell death [53] .
The expression levels of all tested virulence genes at VBNC state were decreased when compared with stationary phase. The cold temperature stress might induce the decrease of virulence gene expressions. Moen et al. [38] investigated global gene expression patterns of C. jejuni that was cultured at 5°C up to 7 days, and they found the expression of flagellin genes, flaA and flaB, were down-regulated. In contrast, a large number of genes involved in energy metabolism increased at 5°C than 25°C, indicating that C. jejuni may require a greater energy to survive under cold temperature. Therefore, bacteria might down-regulate and control transcription of virulence genes that are unnecessary for survival under stressful environment.
The ability of pathogenic C. jejuni to adhere and invade into intestinal mucosa is a prerequisite for infection. The decrease in transcription of virulence genes led to a question about bacterial interaction ability to host cells. As shown in Fig 2B, intracellular VBNC cells was detected in Caco-2 cells. However, in most of gentamycin killing assays, no detectable colonies were appeared in Caco-2 cell lysate that were inoculated VBNC C. jejuni. These results indicate that VBNC C. jejuni may restore the ability to adhere to host cells but failed to resuscitate in hostile envionment. But in few results, VBNC bacteria became culturable after co-cultured with Caco-2 cells. The culture medium without Caco-2 cells did not support the resuscitation of VBNC cells (data not shown), suggesting that the resuscitation occurred by the interaction with host cells, not by a factor of supplement medium. Since the number of culturable bacteria in host cells was significantly lower in VBNC C. jejuni compared to stationary cells, the virulence of bacteria might be severely attenuated in VBNC state. This idea was agreed with the facts that all tested virulence genes were down-regulated in VBNC cells ( Fig. 2A) . According to previous studies by Konkel et al. [29, 30] , C. jejuni synthesizes and secretes proteins upon co-culture with mammalian cells to stimulate the bacterial entry into host cells, and no bacteria were detected within host epithelial cells that exposed to the heat-killed organisms which is metabolically inactive. It seems that C. jejuni that is metabolically active and secrete proteins from the flagellar for maximal invasion of host epithelial cells. To clarify the invasive property of VBNC cells, it requires further studies.
Mechanisms of "resuscitation" (i.e. induction of re-culturable state) of Campylobacter cells are not understood. It has been reported that the in vivo resuscitation occurred by inoculation of non-culturable C. jejuni to 1-day chicks or embryonated eggs [4, 11] . Jones et al. [25] demonstrated that a suckling mouse passage of non-culturable cells induced intestinal bacterial colonization. Our results and the previous studies imply that co-presence of eukaryotic cells stimulates a resuscitation process of VBNC C. jejuni. There is a possibility that resuscitation might be induced by host-derived signals. Several host-derived molecules are sensed by bacteria. For example, eukaryotic hormone epinephrine/norephinephrine stimulate growth and virulence gene expression in pathogenic bacteria [5, 7] . At this moment, we can't rule out the possibility that VBNC C. jejuni may restore the ability to shift from non-culturable state to culturable one in host cells. The further study for identification and purification of host factors is required in order to understand the resuscitation mechanism, but also to give a clue to develop methods for detecting VBNC bacteria.
The detection of a bacterial cell has been traditionally determined by its ability to grow and make colonies on agar plates. The outbreaks and sporadic cases of campylobacteriosis have frequently been reported that Campylobacter was isolated from patients. But it is often the case that the bacteria could not be isolated from suspected food or environmental samples [23, 26, 33, 47] . There are many reasons for failure to identify the source of contamination, however it could be partly explained by the probable contamination of VBNC bacteria. In this study, we examined whether or not the VBNC C. jejuni was detected by the standard isolation procedures. In general, the optimal isolation of Campylobacter requires combination of enrichment process and special selective agars. Various selective enrichment media have been developed such as Bolton, Preston, Exeter, Park and Sanders, and modified Brucella broth [6, 10, 27, 51] . Among them, Bolton and Preston broths are more commonly used worldwide for the detection of Campylobacter spp. [20, 24] . Bolton broth is known to be useful for the recovery of injured cells [6, 41] , while Preston broth is the most selective and highest isolation rate medium [6, 9] . However, the standard isolation methods using these media could not resuscitate and detect VBNC cells. Although our results do not rule out the possibility that other enrichment media can detect the VBNC C. jejuni, our study indicate that standard methods for the detection of Campylobacter may give false negative results if VBNC cells are present in samples. The cause of disease associated with VBNC C. jejuni might be underestimated. These findings tell us that culturebased methods for detection and enumeration of food-borne bacteria may have limitations. A number of PCR assays for detecting small number of Campylobacter spp. have been developed, however, most of them can work in combination with an enrichment culture step. Since VBNC cells could not be resuscitated and multiply in common enrichment media, a new technique to recover them should be developed in future.
In conclusion, C. jejuni enters into a VBNC state by cold stress under nutrient conditions, and the VBNC C. jejuni remains potentially virulent and can be resuscitated by host cells. During the past decade, Campylobacter spp. became a major cause of human enteritis worldwide. A small number of C. jejuni are necessary to cause illness, according to the human feeding study [44] . Because VBNC C. jejuni cells can resuscitate and remain pathogenic under favorable conditions, which make them potential threats to the human health, it is of major importance to develop a new procedure for detection and isolation of them from food, drinking water and environmental sources.
